Oxy-fuel combustion is a GHG abatement technology in which coal is burned using a mixture of oxygen and recycled flue gas, to obtain a rich stream of CO 2 ready for sequestration. An entrained flow reactor was used in this work to study the ignition and burnout of coals and blends with biomass under oxy-fuel conditions. Mixtures of CO 2 /O 2 of different concentrations were used and compared with air as reference. A worsening of the ignition temperature was detected in CO 2 /O 2 mixtures when the oxygen concentration was the same as that of the air. However, at an oxygen concentration of 30% or higher, an improvement in ignition was observed. The blending of biomass clearly improves the ignition properties of coal in air. The burnout of coals and blends with a mixture of 79%CO 2 -21%O 2 is lower than in air, but an improvement is achieved when the oxygen concentration is 30 or 35%. The results of this work indicate that coal burnout can be improved by blending biomass in CO 2 /O 2 mixtures.
encountered in a pulverized combustor. Other researchers have studied the reactivity of coal chars in entrained flow reactors under rich oxygen conditions and high temperatures in order to obtain kinetic parameters [13, 14, 15] . These studies have shown that the char combustion rate increases with oxygen concentration and that char gasification with CO 2 may be important under these experimental conditions. However, these studies were performed using low CO 2 concentrations.
Another approach for reducing CO 2 emissions is the use of renewable fuels such as biomass. This is considered a neutral carbon fuel because the carbon dioxide released during its utilisation is an integral part of the carbon cycle. Several alternatives have being proposed to increase the fraction of biomass in energy production. The direct cofiring of biomass with coal is one of the most promising technologies in the short term [16] . The combination of oxy-fuel combustion with biomass could be used as a sink for CO 2 , and would contribute to reducing the environmental effect of GHG. However, more knowledge about cofiring coal and biomass under oxy-fuel conditions is needed.
In this work an entrained flow reactor was used to study the combustibility of coal and blends with biomass under O 2 /CO 2 mixtures. Ignition tests were conducted to assess the effect of CO 2 on ignition behaviour. Additionally, combustion tests were also carried out in order to assess the effect of oxy-fuel conditions on the burnout of coal and biomass blends.
Experimental
In this work, four coals of different rank (GI, VL, DI, DA) and a biomass -Eucalyptus-(RE) were used. The individual fuels were ground and sieved to obtain a 75-150 μm particle size fraction. Proximate and ultimate analyses of the samples are presented in Table 1 .
An entrained flow reactor (EFR) was used to study the ignition and combustibility behaviour of the samples at high heating rates and short residence times. A diagram of the experimental device employed is shown in Figure 1 . The reactor has a reaction zone with a maximum length of 170 cm and an internal diameter of 4 cm. The EFR is electrically heated and is able to work at a maximum temperature of 1100 ºC. Fuel samples were fed from a hopper and the mass flow was controlled using a mechanical feeding system. The samples were introduced through a cooled injector to ensure that the temperature did not exceed 100 ºC before entering the reaction zone. The gases were preheated to the oven temperature before being introduced into the reactor through flow straighteners. The flow rates of N 2 , CO 2 and O 2 from the gas cylinders were controlled by mass flow controllers. A water-cooled collecting probe was inserted into the reaction chamber from below. Nitrogen was introduced at the top of this probe to quench the reaction products. Particles were removed by means of a cyclone and a filter, and the exhaust gases were monitored using a battery of analysers (O 2 , CO 2 , CO).
During the ignition tests in the EFR, the reactor was heated at 15 ºC min -1 from 500 to 800 ºC.
The gas flow used in these tests ensured a particle residence time of 2.5 s at 500 ºC, and the excess oxygen was fixed at a value of 100%. A reactor temperature of 1000 ºC was used during the combustion experiments of individual coals and blends. 
Results and discussion

Ignition tests
Several techniques can be used to determine the ignition of the samples in an EFR. One of the most commonly used is based on direct observation of the ignition event [17, 18, 19] . The other techniques are based on monitoring the evolution of the gases during coal particle ignition [20, 21] . In this work the second approach was employed. There is no general consensus for the definition of ignition temperature. The criterion used in this work was described in a previous paper [22] . In brief, the first derivative curves of the gas compositions were calculated and normalised with respect to the maximum value. The ignition temperature was taken as the temperature where these curves reached a value of 10%. For the ignition tests, coals VL and DA were used. Additionally, two binary blends of RE and DA were tested in order to study the effect of biomass blending on coal ignition. Figure 2 represents the CO 2 derivative curves of coal VL under the four experimental conditions used.
The ignition temperatures of coals VL and DA are shown in Figure 3 . As can be seen, there is a clear difference in ignition temperature for both coals. The ignition of the semi-anthracite, VL, occurs at higher temperatures in all the experimental conditions. During coal ignition, the reactivity of the coal plays an important role, as the heat is released faster when coal reactivity is higher. This explains the differences in ignition temperature between the two coals. When N 2 is replaced by CO 2 , there is an increase in the ignition temperature, especially in the case of coal VL. Previous studies have shown a similar trend (Kiga, 1997; Molina, 2007) . This phenomenon can be explained as being due to the difference in the specific heats of the gases.
CO 2 has a higher specific heat, and so more heat is needed to increase the temperature when coal is being oxidized during ignition. This causes a delay in ignition in rich CO 2 atmospheres. Regarding the tests performed in mixtures of O 2 /CO 2 , a decrease in ignition temperature with an increase of O 2 concentration was observed. This is because the reaction rate increases which in turn increases the release of heat. Thus, when the oxygen concentration is 30% or higher, the ignition temperatures of coals VL and DA are lower than in air. Figure 4 shows the ignition temperature of coal DA and blends DA-RE. When coal DA is blended with biomass, there is an important reduction in the ignition temperature in air. This decrease is proportional to the amount of biomass in the blend. A reduction of 32 ºC is achieved when coal DA is blended with 20% of RE. This decrease is due to the fact that biomass is a fuel with a high reactivity and a high volatile matter content. It therefore reacts faster and improves the ignition behaviour of coal DA. As the percentage of biomass increases, more heat is released and the reduction in the ignition temperature of the blend is more pronounced.
However, when the blends are tested in mixtures of CO 2 and O 2 , only a small decrease in ignition temperature with respect to the individual coal is observed. This phenomenon is especially relevant for the blend with 10% biomass. The differences in ignition temperature displayed by the DA-RE blends in air and CO 2 /O 2 mixtures could be attributed to the heating value of the fuels and the different specific heats of CO 2 and N 2 . Biomass has a lower heating value than coal, and so less heat is generated during its oxidation in the ignition process.
When CO 2 is the major component in the surrounding gases, the heat released by the biomass present in the blend generates a small increase in the temperature of the gases and so the ignition properties of coal DA are less affected. However, during the ignition in air less heat is needed to increase the temperature of the surrounding gases and so the blended biomass has more influence on the ignition of coal DA.
Combustion tests
For the combustion tests, coals GI, VL, DI, DA, and DA-RE blends were used. Different coal mass flow rates were employed for each gas composition. Thus the coals were burned with various degrees of excess oxygen for each gas composition. In this work, the stoichiometric ratio was used to assess the excess oxygen during combustion. This parameter is defined as the ratio between the coal mass flow rate used and the stoichiometric value. To compare the different behaviour of the coals under the same experimental conditions, burnouts were interpolated at a stoichiometric ratio of 0.8 using the curves shown in Figure 5 .
The results calculated for the individual coals are shown in Figure 6 . For all the studied coals, the burnout obtained with the mixture 79%CO 2 -21%O 2 is lower than that reached in air. This result is in agreement with the findings of other researchers using other experimental devices [23, 24, 25, 26] . When N 2 is replaced by CO 2 , the heat capacity of the gases increases and the particle temperature during combustion is lower. This effect reduces the combustion rate of the chars and there is a worsening of coal burnout. Additionally, ignition under these experimental conditions is delayed as was observed during the ignition tests, resulting in a shorter combustion time under this atmosphere (79%CO 2 -21%O 2 ). For the mixtures 70%CO 2 -30%O 2 and 65%CO 2 -35%O 2 , coal burnout is higher than in air. In these cases the higher oxygen concentration increases the char combustion rate with respect to combustion in air.
The improvement in burnout under high oxygen concentration is especially noticeable for the higher rank coals (GI, VL). However, coal DA and DI reach a high burnout in air, so there is less margin for improvement by increasing the oxygen concentration.
The same methodology was used for the DA-RE blends. Their burnouts were also determined at different stoichiometric ratios. When two fuels are fired as a blend, the burnout of each component may be different to that exhibited when they are burned individually. Coal combustibility may be modified due to different reasons when it is blended. One of these reasons is the modification of the oxygen and temperature profiles developed inside the reactor, depending on whether the coal is burned alone or as a blend. If the reactivities of each fuel are different, there will be differences on their profiles, as the more reactive fuel will react faster, thereby reducing oxygen concentration and increasing the temperature at the top of the reaction chamber. Any improvement in the burnout of the less reactive component will depend on the oxygen and temperature profiles in the reactor.
Biomass is more reactive than coal DA, for this reason, the burnout of the blend could be improved if coal DA were unaffected by the modification of oxygen and temperature profiles.
However when the DA-RE blends are tested in air, there is no appreciable improvement in burnout. This indicates that biomass combustion affects the combustibility of coal DA, causing it to exhibit a lower burnout than when it is burned alone. The worsening of DA burnout could be attributed to the fact that the oxygen availability is more restricted during combustion of the blend. In the case of the 79%CO 2 -21%O 2 mixture, there is a slight improvement in burnout with blending. In this case any reduction in the availability of oxygen would have less effect on DA, as the combustibility of this coal is reduced, due to the high CO 2 concentration. In the case of 70%CO 2 -30%O 2 and 65%CO 2 -35%O 2 , more oxygen is available and so the burnout of coal DA can be expected to be less affected. As a result, the burnout of the blend improves. The enhancement is especially remarkable in combustion at concentrations of 35% oxygen.
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